ABSTRACT. Maximum flow velocity wave forms in the breathing movements (5). There is a significant reduction in ductus arteriosus were studied longitudinally in 40 fetuses ductal peak flow velocity during inspiration as compared with from 18 to 38 wk of gestation at 3-to 4-wk intervals. expiration, and this difference in peak flow velocity increases Median maternal age was 29 y (range 18-41 y), median exponentially with advancing gestational age, reflecting the deparity was 1 (range 0-6). All flow velocity wave forms were veloping pulmonary vascular bed (5). obtained using a mechanical sector scanner with a continTo our knowledge, a detailed analysis of normal fetal ductal uous Doppler system (carrier frequency 3.5 MHz). The wave forms has never been canied out in a longitudinal setting. flow velocity parameters studied were peak-systolic, peak-The objective of the present study was 2-fold: 1 ) to establish the diastolic, and time-averaged velocity and acceleration time. distribution of peak-systolic, peak-diastolic, and time-averaged There was considerable variability in measurements be-velocities as well as acceleration time in the fetal ductus arteriosus tween fetuses at any particular gestational age. An increase between 18 and 38 wk of pregnancy; and 2) to determine whether of ductal flow parameters with advancing gestational age there is fetal heart rate dependency for one or more of the was found. They showed no correlation with heart rate. aforementioned parameters within the physiologic fetal heart These results suggest that the normal second half of preg-rate range (i.e. 1 10-160 bpm) and, if so, to establish the relationnancy is characterized by a reduction in right ventricular ship between fetal period time (the reciprocal of heart rate) and afterload. This may be a result of decreased placental the parameter concerned. vascular resistance or increased pulmonary vascular flow. Acceleration time in ductal flow velocity wave forms was PATIENTS AND METHODS significantly higher than that observed in the pulmonary artery and ascending aorta, suggesting a lower afterload in A total of 40 women with normal singleton pregnancies conthe ductus arteriosus compared with the other two outflow sented to participate in the study. The study protocol was aptract vessels. (Pediatr Res 30: [487][488][489][490] 1991) proved by the Hospital Ethics Committee. Fetal ductal Doppler examinations were carried out at 3-to 4-wk intervals between Abbreviations 18 and 38 wk of gestation. The first examination was performed between 18 and 22 wk of gestation.
proved by the Hospital Ethics Committee. Fetal ductal Doppler examinations were carried out at 3-to 4-wk intervals between Abbreviations 18 and 38 wk of gestation. The first examination was performed between 18 and 22 wk of gestation.
PSI, prostaglandin synthetase inhibitors
Normal pregnancy was defined by a normal fetal biparietal diameter and birth weight between the 5th and 95th percentile according to Kloosterman's tables, corrected for maternal parity and fetal sex (6) . The pregnancy duration was determined from ~h~ ductus arte,.josus is a large vessel that connects the pul-the last menstrual period and confirmed by ultrasonic measuremonary trunk with the descending aorta during fetal life. Thus, ments the biparietal diameter between 14 and wk of it acts as a right to left shunt at cardiac level, diverting a gestation. The median age was 29 y (range lgP41 Y), considerable amount of the combined ventricular output away and the median parity was (range 0-6).
from the lungs.
this way the total work load on the fetal A combined mechanical sector scanner and continuous Dopventricles is reduced, inasmuch as a large pulmonary blood flow pler system (Diasonics CV 400, Milpitas, CA) with a carrier would represent wasted circulation (1) . frequency of 3.5 MHz was used for blood flow velocity measure~~~~l~~ echocardiographic techniques are increasingly being ments in the ductus arteriosus. The sector scanner operates at used to study the human fetal heart (2). Also, a technique for Power Outputs less than loo mW/cm2 'patial peak/temporal recording blood flow velocity wave forms in the human fetal in imaging and by manufacturers' ductus arteriosus became available (3). For a proper interprets-specifications. Two-dimensional imaging was used to ensure the tion of Doppler data, the influence of variables such as fetal correct position of the Doppler interrogation beam both before behavioral states, fetal breathing movements, and fetal heart rate and after each tracing was obtained. flow should be taken into account. Recently, it was demonstrated that wave forms from the were ductus arteriosus peak-systolic velocity is fetal behavioral state from the short axis view. The arch was dependent, being reduced significantly during active sleep as differentiated from the ductus arteriosus by identification of the compared with quiet sleep (4). Moreover, it has been demon-aortic arch The beam was positioned at the strated that ductal peak flow velocity is modulated by fetal Junction of ductus arteriosus with descending aorta (3), and Doppler tracings were accepted when the angle between the four consecutive wave forms was camed out using a microcomputer (Olivetti M240, Scaramagno, Italy) linked to a graphics tablet. The following parameters were calculated: peak-systolic velocity (cm/s), acceleration time (ms), time-averaged velocity (cm/s), peak-diastolic velocity (cm/s), and period time (ms). Peak velocities were measured from the zero line to the highest point of the Doppler velocity peak. Acceleration time was measured as the time between the onset of ejection and the peak of velocity. Time-averaged velocity was calculated as area-undercurve divided by period time. Peak-diastolic velocities were measured from the zero line to the maximum of the Doppler flow velocity wave form during the late diastolic phase of the cardiac cycle.
All Doppler studies were performed 2 h after breakfast or lunch with the patient in a semirecumbent position. The duration of a single investigation never exceeded 30 min.
Statistical analysis included assessment of the relationship between the parameters studied and gestational age by repeated measurements analysis of variance, for which the BMDP program 5V (BMDP statistical software manual, vol. 11, 1988, University Press of California) was used. p values were determined by means of the sign test. The relationship between each parameter and fetal heart rate was studied as follows. For every patient, the available data were interpolated in a linear fashion to a gestational age of 30 wk to rule out the influence of gestational age on the parameters. For each adjusted parameter and period time, the correlation coefficient was then calculated and the corresponding p value established. The lower level of statistical significance was set at 0.05.
RESULTS
The success rate for obtaining good quality flow velocity wave forms from the ductus arteriosus was 94%. In each patient it was possible to obtain at least four serial recordings during the study period. On average, five investigations were performed in each pregnancy. Serial recordings were never longer than 6 wk apart.
The relationship between any of the flow velocity wave form parameters and gestational age was approximately linear for each patient. It also appeared that the regression lines, by which the relation between parameter and gestational age for each of the patients could be described, differed significantly from patient to patient with respect to both the intercept and the slope. Therefore, the following statistical model was adopted as the basis for the calculation of approximate 95%-prediction bounds for each of the parameters, when the gestational age is known:
where y is the parameter concerned, x is gestational age (wk), a is the intercept of the regression line, b is the slope of the regression line, and e is an error term.
Thus, for each of the parameters, a regression line was constructed with its 2.5 and 97.5% confidence limits. The values for a, b, and e for each flow velocity parameter as well as the p values of the slopes are listed in Table 1 . There was considerable variability in measurements between fetuses at any particular gestational age. The data distribution for ductal peak-systolic and peak-diastolic velocity relative to gestational age is presented in Figure 1 . Period time in this study ranged from 358 to 537 ms, corresponding to fetal heart rates of 167 to 1 12 bpm, respectively. Average period time showed a significant increase with advancing gestational age, the regression equation being ( p < 0.001) where y is average period time (ms) and x is gestational age (wk).
The parameters studied showed a significant increase with advancing gestational age, as shown in Table 1 .
DISCUSSION
In the human fetal heart, both right and left ventricle eject in parallel into the systemic circulation: the right ventricle into the ductus arteriosus and descending aorta, the left ventricle into the ascending aorta (7). The ductus arteriosus thus acts as a right to left shunt, reducing the work load on the fetal heart (1). As can be concluded from animal laboratory experiments, the dilatation of the ductus arteriosus in utero is maximal (8) , and a widely patent ductus arteriosus appears to be essential for normal fetal development (1) .
In the present study, we analyzed fetal ductal flow velocity wave forms obtained longitudinally during the second half of pregnancy. An increase with advancing gestational age was found for all flow velocity parameters concerned. The distribution of these parameters increased toward term, which is in agreement with the increasing variance of biometric parameters with advancing gestational age. Fetal heart rate showed a significant decrease toward term. All parameters were fetal heart rate independent.
The gestational age-related rise in ductal peak-systolic and time-averaged velocities is in agreement with the gestational agerelated rise in semilunar peak-systolic and time-averaged velocities that we observed in an earlier study (9) . It was pointed out that this velocity rise could be explained by increasing ventricular stroke volume and output, as well as by a reduction in ventricular afterload. Right ventricular afterload is determined to a considerable part by placental vascular resistance, which shows a decrease with advancing gestational age (10) . Because volume flow is equal to mean velocity times area, the observed increase in peak-systolic and time-averaged velocities in the ductus arteriosus may also reflect increased right ventricular stroke volume and output. However, other variables such as the diameter and compliance of the ductus and downstream vessels (e.g. descending aorta) may play a role in the composition of the flow velocity wave form pattern in the ductus arteriosus. In a recent study, increased umbilical-placental resistance was associated with reduced peak-systolic velocities in the ductus (1 1). The noninvasive nature of human fetal Doppler studies does not allow differentiation between these explanations.
Ductal peak-diastolic velocity also increased during the second half of pregnancy. Like the increase of end-diastolic velocities in umbilical artery and descending aorta toward term, this is indicative of decreasing placental vascular resistance. The observed increase of acceleration time in the ductus arteriosus with advancing gestational age favors this assumption. Also, ductal acceleration time is greater than that observed in the pulmonary
30 40 g e s t a t i o n a l age ( w e e k s ) g e s t a t i o n a l age ( w e e k s ) Fig. 1 . Data distribution with 2.5 and 97.5% confidence limits for fetal ductal peak-systolic ( A ) and peak-diastolic (B) velocity relative to gestational age. artery and the ascending aorta. Because Doppler echocardiographic studies have shown a close negative correlation between acceleration time and mean arterial pressure (12, 13) , this might indicate that mean arterial pressure in the ductus arteriosus is lower than in the main pulmonary artery, suggesting a decrease in afterload from pulmonary artery to ductus arteriosus. This could imply that the pulmonary vascular bed to some extent adds to right ventricular afterload. It is not surprising that mean ductal arterial pressure seems to be lower than the mean pressure in the ascending aorta, inasmuch as the left ventricular outflow tract faces an additional afterload from cerebrum and upper extremities.
The linear increase in peak-systolic and peak-diastolic velocities in the ductus arteriosus with advancing gestational age is in agreement with the findings of Huhta et al. (3) , who performed a cross-sectional study of peak-systolic and peak-diastolic velocities in normal fetuses during the second half of gestation. However, our values for normal peak-systolic velocities seem to be somewhat higher, and we occasionally observed peak flow velocities of about 200 cm/s in the last 4 wk of gestation. It is clear from the present data that gestational age should be taken into account when using flow velocity parameters for the diagnosis of abnormal ductal velocities. To our knowledge, data concerning ductal acceleration time or time-averaged velocity have not been published elsewhere so far. The regulation of ductal patency has not been clarified in detail until now. The role of arterial 0 2 tension was recognized long ago, determining ductal tone by either direct action on the ductus arteriosus (1) or through influencing the production of certain intermediate substances (14) . Prostaglandins are probably the most important intermediate substances, originating both from the ductal wall and from extraductal sources (8, 15) . PSI are increasingly used in obstetric care, for instance for tocolysis, in which case indomethacin is the drug of choice (16, 17) . In the human fetus, even a short course of indomethacin may be associated with a clear constrictive ductal response, characterized by a raised peak-systolic and peak-diastolic flow velocity (3, 18) . Usually, this effect is reversible and does not seem to cause any harm to the fetus (16 (18) showed that during indomethacin-induced ductal constriction umbilical pulsatility index did not change. However, closure of the ductus arteriosus has been found post-mortem in a few cases after administration of indomethacin to the mother (1 9). There is also evidence that in utero exposure of the fetus to PSI may be one of the causes of persistent pulmonary hypertension of the newborn (20) secondary to ductal constriction. It is difficult to obtain reliable measurements of the dimensions of the human fetal ductus arteriosus by fetal echocardiography, because the ductus arteriosus can best be visualized in a short axis view and the lateral resolution of the equipment is relatively poor (16) . Because animal models have demonstrated that ductal constriction correlates very well with Doppler findings (3), Doppler echocardiography may provide valuable indirect information on subtle changes in the caliber of the ductus arteriosus in utero. In case of even slight ductal constriction, both ductal peaksystolic and peak-diastolic velocity will rise significantly (3). Close Doppler echocardiographic monitoring, in particular registration of ductal peak-systolic and peak-diastolic velocity, is therefore indicated in fetuses exposed to PSI. Other Doppler echocardiographic information like the presence or absence of tricuspid regurgitation, evidence of fetal hydrops, and the amount of amniotic fluid should be looked for (1 6). As for Doppler monitoring, the normal values presented in this article could provide a basis for clinical use. According to our findings, the upper limit of 140 cm/s for ductal peak flow velocity that Huhta et al. (3) proposed might be an underestimation. Many clinicians agree that indomethacin should not be used after 34 wk of gestation (17, 18) , by which time ductal peak flow velocities in our experience did not exceed 160 cm/s and peak-diastolic velocity did not exceed 18 cm/s. Both parameters are fetal heart rate independent within the physiologic fetal heart rate range, as has been demonstrated for the ascending aorta and pulmonary artery (9) .
It can be concluded that fetal Doppler echocardiography allows monitoring of flow velocity wave forms in the ductus arteriosus during the second half of pregnancy. Wave form analysis in this vessel suggests a reduction in right ventricular afterload during this period of gestation.
